Mitochondria are the power plant of cells, which play critical roles not only in energy metabolism but also in thermoregulation. These two roles have been individually suggested to influence mitochondrial DNA (mtDNA) evolution, however their relative importance is still rarely considered. Here, we conduct a comparative genomic analysis of 401 teleost complete mitochondrial genomes and test the roles of these dual functional constraints on mitochondria to provide a more complete view of mtDNA evolution. We found that mitochondrial protein-coding genes of migratory fishes have significantly smaller Ka/Ks than nonmigratory fishes. The same data set showed that the genes of fishes living in cold climates have significantly smaller Ka/Ks than tropical fishes. In contrast, these trends were not observed for two nuclear genes that are not involved in energy metabolism. The differences in selection patterns observed between mitochondrial and nuclear genes suggest that the functional constraints acting on mitochondria, due to energy metabolism and/or thermoregulation, influence the evolution of mitochondrial-encoded proteins in teleosts.
Under aerobic conditions, a great deal of energy is required to support energy-consuming processes, such as muscle contraction and ion pumping, and is provided by mitochondria via oxidative phosphorylation (OXPHOS). All 13 mitochondrial-encoded proteins are essential components of the electron transport chain. Given that mitochondria plays a crucial role in ATP generation and that locomotion is very energy consuming, a recent study suggested that the mitochondrial DNA (mtDNA) of strongly locomotive birds and mammals has been subjected to stronger purifying selection, to maintain efficient energy metabolism, than weakly locomotive species (Shen et al. 2009 ). Mitochondria generate not only free energy (ATP), that can be used for locomotion and other purposes, but also heat for thermoregulation, which is particularly advantageous for organisms living in cold climates (Brand 2000; Ruiz-Pesini et al. 2004 ). This rationale has led some to suggest that climate has had a role in shaping the worldwide distribution of human mtDNA sequence variation (Ruiz-Pesini et al. 2004; Balloux et al. 2009 ).
Because mitochondria have two roles, in ATP and heat generation, it would be reasonable to expect that both would influence the evolution of mitochondrial-encoded proteins and that the constraints of these processes would be evident in mtDNA sequences. Although some investigators have conducted analyses of mtDNA sequences to test the above hypothesis, typically, they have focused on only one aspect of the dual mitochondrial functions, either energy production (Shen et al. 2009 ) or thermoregulation (Ruiz-Pesini et al. 2004 , and the dual constraints, with their probably interaction, on mitochondrial proteins evolution are rarely considered. In this study, we take advantage of the large number of teleost mitochondrial genomes that are available in GenBank and attempt to test the roles of the dual functional constraints on mitochondria to provide a more complete view of the evolution of mtDNA.
Migratory ability is a character that is linked to energy demand in fish as migratory fishes should experience higher energetic expenditures than nonmigratory species due to differing amounts of swimming (Gross 1987) . Moreover, Koch and Wieser (1983) suggested that oxygen consumption is positively correlated with swimming activity at any temperature and that a reduction of swimming activity would lead to a saving of 371 kJ/kg every month. Our mitochondrial data set of 401 fishes (listed in supplementary table 1, Supplementary Material online) was first divided into ''migratory'' and ''nonmigratory'' groups, to represent groups of fishes with different energy demands. We found that the mean Ka/Ks ratio of the migratory group was smaller than that of the nonmigratory group (0.0382 vs. 0.0412, P 5 0.282), and when the outliers were removed (three and one outliers, respectively; see supplementary table 1, Supplementary Material online), the mean Ka/Ks ratio of the migratory was significantly smaller than that of the nonmigratory (0.0343 vs. 0.0407, P 5 0.002). Ka in the migratory group was also found to be significantly smaller (0.0204 vs. 0.0320, P , 0.001), thus, the lower Ka/Ks value in the migratory group is due to stronger purifying selection acting on the nonsynonymous mutations. Within the migratory group, diadromous fishes have complex osmoregulation mechanisms that allow them to acclimatize to the widely fluctuating salinities of salt and freshwater (Tomy et al. 2009 ), thus both the long distance migration and the adaptation to salinity changes increase their energetic costs (McKeown 1984; Gross 1987; Laiz-Carrion et al. 2002; Bureau Du Colombier et al. 2007; Hwang and Lee 2007) . We therefore divided the migratory group of fishes into ''potamodromous,'' ''oceanodromous,'' and ''diadromous'' subgroups (potamodromous migrate only within freshwater, oceanodromous migrate only within salt water, and diadromous travel between salt and freshwater) and the nonmigratory group into ''marine'' and ''freshwater'' subgroups (marine live only in salt water and freshwater live only in freshwater) and redid our analyses. The diadromous group had the smallest mean value for both Ka/Ks and Ka (table 1 and fig. 1A and B) with the mean Ka/Ks of being 0.0319, a value significantly smaller than that of the potamodromous (0.0482), marine (0.0425), or freshwater (0.0394) groups (P 5 0.048, P , 0.001, and P 5 0.03, respectively). To control for the effects of phylogenetic inertia, we examined 153 pairs of neighboring (close-related) diadromous and nondiadromous fishes (available in supplementary table 2, Supplementary Material online). We found that diadromous fishes had smaller Ka/Ks in 100 of the 153 pairs, and the mean Ka/Ks of all the diadromous fishes was still significantly smaller than that of the nondiadromous ones (0.0286 vs. 0.0378, P , 0.001, paired sample t-test). These multiple analyses all demonstrate that the mitochondrial protein-coding genes of fishes with higher energy demands (migratory or diadromous) accumulate fewer mutations, thus have experienced stronger selective pressures.
In addition to energy for locomotion, mitochondria also generate heat for thermoregulation. Climate influences heat generation efficiency in organisms as diverse as humans and fish, where individuals who live in colder zones have greater heat production to maintain or elevate, respectively, their body temperatures (Benzinger et al. 1961; Dickson and Graham 2004) . Therefore, we used climatic information, as a character to define heat demand, to classify the fish into four groups: ''tropical,'' ''subtropical,'' ''temperate,'' and ''polar.'' Because the group of polar fishes was of limited size (size is only three), we did not compare it with the other groups. As shown in table 1, the tropical and subtropical groups have significantly or marginally significantly greater Ka/Ks than the temperate group (P 5 0.007; P 5 0.062; fig. 1C ). The mean Ka of the tropical and subtropical groups was also significantly larger than that of the temperate group (P , 0.001; P 5 0.016, fig. 1D ). To control for phylogenetic inertia, we examined 21 pairs of neighboring tropical and temperate fishes (available in supplementary table 3, Supplementary Material online). In this analysis, we found that in 17 of the 21 pairs, the temperate fishes had a smaller Ka/Ks and that the mean Ka/Ks of all the temperate fishes was still significantly smaller than that of the tropical species (0.0261 vs. 0.0346, P 5 0.009, paired sample t-test). These results show that the mitochondrial protein-coding genes of fishes living in colder zones accumulate fewer mutations and thus have experienced stronger selective constraints.
Both migratory and climatic effects are proved to have an influence on the Ka/Ks variation among groups. However, a lack of independence between these groups may complicate the ability to draw conclusions whether the differences in Ka/Ks are due to migration or climate. In order to determine whether each of the factors has an effect and if there is MBE an interaction between these two factors, we used climate [degrees of freedon (df) 5 2] and migratory ability (df 5 4) as independent treatments in a multifactor univariate analysis of variance (ANOVA). This analysis failed to detect a significant interaction between these two factors (P 5 0.254) and demonstrated that both migratory ability and climate have significant effects on mitochondrial Ka/Ks variation (F 5 2.584 with P 5 0.037 and F 5 3.406 with P 5 0.035, respectively). To identify which of the mitochondrial proteins were most influenced by the constraints of the migratory or climatic effects, we estimated the Ka/Ks ratio for each of the 13 mitochondrial protein-coding genes (data with Ks 5 0 are removed from this analysis; available in supplementary table 1, Supplementary Material online). When the migratory group was compared with the nonmigratory group, all genes except ND2, CoxI, CoxII, and ATP6 were shown to have significantly smaller mean Ka/Ks in the migratory group ( fig. 2) , whereas when the temperate group was compared with the tropical group, CoxI, CoxII, and ATP6, as well as ATP8, ND4, ND4L, and ND6, showed significantly smaller mean Ka/Ks in the temperate group ( fig. 3) . In OXPHOS, some proteins may play more important roles than others in ATP or heat generation. Therefore, it is reasonable to assume that some genes have undergone stronger selective constraints than others to eliminate deleterious mutations to maintain their functions (Shen et al. 2009 ). Our results suggest that different genes may have more important roles for energy production (e.g., Cytb, ND1, ND3, ND5, and CoxIII) versus heat generation (e.g., CoxI, CoxII, and ATP6), thus different selective constraints exist depending on which factor is exerting greater effect.
Our analyses above suggest that mitochondrial genes of fishes have differing nonsynonymous substitution rates depending upon energy or heat demands. To determine whether these trends are due to energetic functional constraints on the mitochondria, or whether they reflect a general pattern of molecular evolution for these species, we analyzed two nuclear genes that are not involved in energy metabolism (available in supplementary table 1, Supplementary Material online). The nuclear genes should not be subjected to constraints due to energy demand or thermoregulation but would be equally affected by any general molecular evolutionary pressure. For both RAG1 and RAG2, the molecular evolutionary traits that we examined differed from those observed for the mtDNA genes. In contrast to the mtDNA data, for RAG1, the mean Ka/Ks of the migratory group was not smaller than that of the nonmigratory group (0.1262 vs. 0.1044, P 5 0.08), and the mean Ka/Ks of the temperate group was also not significantly smaller than that of either the tropical or the subtropical groups (0.107 vs. 0.117, P 5 0.444; 0.107 vs. 0.095, P 5 0.451, respectively). 
FIG. 2.
Comparisons of the average Ka/Ks ratios for the 13 mitochondrial protein-coding genes between the migratory and nonmigratory groups. Note: *0.01 , P , 0.05, **0.001 , P , 0.01, ***P , 0.001.
FIG. 3.
Comparisons of the average Ka/Ks ratios for the 13 mitochondrial protein-coding genes among the tropical, subtropical, and temperate groups. Note: *0.01 , P , 0.05, **0.001 , P , 0.01, ***P , 0.001. Sun et al. · doi:10.1093/molbev/msq256 MBE Because the different types of genes (mitochondrial and nuclear) have very different patterns of molecular evolution, we conclude that the energetic functional constraints are the major factor shaping mtDNA evolution. A confounding factor, however, is that there may be a bias due to the difference in the number of species in the mtDNA and nuclear gene data sets. To avoid this bias, we repeated the above analysis using overlapping species (species for which both mtDNA and nuclear gene available). For the RAG1 gene, we had 79 species where we had mtDNA data. In these species, the mean Ka/Ks of the mtDNA genes in the diadromous fishes was still significantly smaller than that of the nondiadromous fishes (0.0267 vs. 0.0362, P 5 0.026), although the mean Ka/Ks of the migratory fishes was not significantly different from that of the nonmigratory fishes (0.0340 vs. 0.0349, P 5 0.78), and the mean Ka/Ks of the temperate fishes was also significantly smaller than that of the tropical fishes (0.0293 vs. 0.0462, P , 0.001). For RAG1, we did not observe a smaller mean Ka/Ks in the migratory compared with the nonmigratory group of fishes (0.1086 vs. 0.0714, P 5 0.121) or a smaller mean Ka/Ks for the temperate compared with either the tropical or the subtropical groups (0.1084 vs. 0.0615, P 5 0.239; 0.1084 vs. 0.0930, P 5 0.662, respectively). For RAG2, only 35 species overlap with the mtDNA data. For the mtDNA data, we found that the mean Ka/Ks of the migratory group was still smaller than that of the nonmigratory group (0.0327 vs. 0.0406), and the mean Ka/Ks of the temperate group was also smaller than that of the tropical group (0.0297 vs. 0.0410), although these differences were not significant (P 5 0.321 and P 5 0.251, respectively) likely due to the limited number of overlapping species. For RAG2, the mean Ka/Ks of the migratory was not smaller than that of the nonmigratory group (0.1658 vs. 0.1331, P 5 0.436) nor was it smaller in the temperate compared with either the tropical or the subtropical groups (0.1583 vs. 0.1341, P 5 0.638; 0.1583 vs. 0.1400, P 5 0.725, respectively). This analysis, therefore, shows that the differing modes of molecular evolution observed in the mitochondrial and nuclear genes are not due to a bias in the samples. Mitochondrial protein-coding genes of migratory and temperate fishes accumulate fewer nonsynonymous mutations than nonmigratory and tropical fishes, respectively, but the two nuclear genes that are not involved in energy metabolism do not show a similar pattern. It indicates that the functional constraints due to energy and/or heat production likely influence the evolution of mitochondrialencoded proteins in teleosts.
The energy budget of a fish appears to influence the evolution of its mitochondrial proteins in a predictable way: Namely, increased energy demand is accompanied by evidence for stronger purifying selection. Further studies based on nuclear-encoded OXPHOS genes should be of great help in validating these conclusions.
Methods
Raw mitochondrial genomes (401 fish species available in August 2008) and nuclear gene sequences (RAG1 and RAG2, 475 and 372 fish species, respectively) were downloaded from the National Center for Biotechnology Information database. Information on migration and climate for each species was collected from Fishbase (Froese and Pauly 2009 ). All protein-coding genes were aligned by using ClustalX (Thompson et al. 1997) , and each multiple amino acid sequence alignment for the 13 mtDNA and 2 nuclear genes were used to reconstruct a fish phylogenetic tree using PHYML (Guindon and Gascuel 2003) . CodeML implemented in the PAML package (Yang 2007 ) was used to compute the nonsynonymous (Ka) and synonymous (Ks) substitution rates along each branch of the tree. Model 1 was conducted, which allows the overall substitution rate and the ratio of Ka/Ks changes to have branch-specific values. Only Ka/Ks and Ks values associated with the external branches were used in the subsequent analyses as we focused only on the rate of accumulation of slightly deleterious mutations (Ka/Ks) between modern species and their most recent reconstructed ancestors. All the species with accession number and molecular traits are listed in supplementary table 1(Supplementary Material online). Species with missing molecular data are either due to having a controversial placement in the phylogenetic tree or due to having a number of nonsynonymous substitutions because their most recent ancestor on the tree being smaller than 20. All statistical analysis was performed by using SPSS 13.0 statistical package (SPSS Inc., Chicago, Illinois).
Supplementary Material
Supplementary tables 1-3 are available at Molecular Biology and Evolution online (http://www.mbe.oxfordjournals .org/).
